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Abstract
The relationship between energy metabolism and ageing is of great interest because aerobic metabolism is the primary
source of reactive oxygen species which is believed to be of major importance in the ageing process. We conducted a
longitudinal study on captive zebra finches where we tested the effect of age on basal metabolic rate (BMR), as well as the
effect of BMR on the rate of metabolic ageing (decline in BMR with age) and survival. Basal metabolic rate declined with age
in both sexes after controlling for the effect of body mass, indicating a loss of functionality with age. This loss of
functionality could be due to accumulated oxidative damage, believed to increase with increasing metabolic rate, c.f. the
free radical theory of ageing. If so, we would expect the rate of metabolic ageing to increase and survival to decrease with
increasing BMR. However, we found no effect of BMR on the rate of metabolic ageing. Furthermore, survival was not
affected by BMR in the males. In female zebra finches there was a tendency for survival to decrease with increasing BMR, but
the effect did not reach significance (P,0.1). Thus, the effect of BMR on the rate of functional deterioration with age, if any,
was not strong enough to influence neither the rate of metabolic ageing nor survival in the zebra finches.
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Introduction
In spite of being a biological phenomenon that has received
much attention and given rise to numerous theories [1], there are
still many unanswered questions regarding the ageing process.
One of the first theories of ageing, the rate of living theory, was put
forward by Pearl [2] predicting that the rate of life, in other words
the energy metabolism, was a key determinant of lifespan. After
discovering that reactive oxygen species (ROS), which can cause
damage to various cell components, was generated during energy
metabolism, the free radical theory (also known as the oxidative
stress theory) emerged as a mechanistic explanation to the rate of
living theory [3]. According to the free radical theory the
production of ROS correlates with the rate of aerobe metabolism
thereby linking energy metabolism with ageing and ultimately
lifespan. However, later findings have revealed that ROS
production is not necessary positively correlated to aerobic
metabolism [4,5] and that oxidative damage is not only influenced
by the production of ROS, but also antioxidant defence and repair
mechanisms [6,7,8,9]. This paints a rather complex picture of the
relationship between energy metabolism, free radical production
and ageing [10]. Thus, although energy metabolism is likely to
play a role in the ageing process, the seemingly complex
relationship between energy metabolism, ageing and longevity is
far from being fully understood.
Ageing is associated with a decline in physiological perfor-
mance. Consequently, in addition to being a potential predictor of
lifespan, metabolism may itself change as an effect of ageing [11].
Basal metabolic rate (BMR) is defined as the rate of energy
transformation in an endothermic organism at rest in a
postabsorptive state, measured within its thermoneutral zone
[12]. Basal metabolic rate is one of the most widely measured
physiological traits [13,14,15,16], and because this trait represents
an animals’ maintenance cost, is easy to obtain and believed to
reflect the rate of living [17] it has been used to investigate age
related changes in energy metabolism. Basal metabolic rate has
been found to decline with age in a number of species including
humans [18], dogs [19] and passerine birds [20,21,22]. Contrary
to those findings, BMR has been found to be unaffected by age in
naked-mole rats [23], deer mice [24] and snow petrels [25].
Hence, it is well documented that the relationship between energy
metabolism and age differs substantially between species. Intra-
specific differences in metabolic change with age on the other
hand have been given less attention. Broggi et al. [21] found BMR
to decline with age in great tits living at a high latitude (Oulu,
Finland), while this was not found in a population living further
south (Lund, Sweden). The individuals in the northernmost
population, showing metabolic decline with age had a higher
BMR, and the authors suggest that this is indicating that
individuals with high metabolism pay a cost, possible through
faster accumulation of oxidative damage. The age related BMR
decline observed in the great tits may reflect a trade-off between
the need for a higher work rate in the northern population, and
the investment in maintenance and repair mechanisms needed to
counteract the effects of ROS production, cf. the disposable soma
theory [26]. To our knowledge, no longitudinal studies have
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investigated individual differences in age related metabolic decline
within populations.
In a previous longitudinal study we found BMR to decrease
with age in a captive population of zebra finches [20]. Our aims in
the present study were, first, to confirm if our previous findings of
an age-related decline in BMR are valid in a larger dataset, in
which we analyse the effect of age on BMR. Secondly, we explore
individual differences in metabolic decline with age. In line with
the free radical theory we predict that individuals with high
metabolic rate will show a faster rate of metabolic ageing, i.e. a
stronger age-dependent decline in BMR. Furthermore, we
investigate the effect of BMR on survival in a larger data set,
and predict a negative relationship between survival and BMR.
Materials and Methods
Ethics statement
Housing and experimental conditions were in accordance with
Norwegian legal policy and animal welfare and were approved by
the Norwegian Animal Research Authority (Permit Number:
S-0028/01).
Study species and holding condition
The study was conducted using adult captive zebra finches
(Taeniopygia guttata, Vieillot). The maximum lifespan of this
species in the wild is five years [27] while the oldest individuals in
our captive population are close to 13 years old (personal
observations). When not breeding, the birds spent their entire
lives in sex-specific walk-in aviaries (,4 m3). The aviaries were
regularly supplied with birds (not used in the experiment) when
some of our experimental birds died. Thus, the densities in the
aviaries housing our experimental birds did not decline as the birds
aged. The ambient temperature in the rooms was 24uC and the
relative humidity was kept at 40%. There was a 12:12 h light-dark
regime with light on at 07:00. All birds were provided with a
mixed seed diet (Life Care, Total Pet Care, Aalestrup, Denmark)
and drinking water ad libitum.
Metabolic measurements
Basal metabolic rate was measured as O2-consumption rates
using an open flow system at 35uC, which is within the
thermoneutral zone of the zebra finch [28]. The measurements
were made at night during the bird’s normal resting phase.
Oxygen concentration in effluent air was measured using a
Serwomex Xentra, type 4100, two channel oxygen analyser
(Crowborough, England). The BMR measuring protocol is
described in detail elsewhere [29].
The birds in the present study hatched between June 2001 and
March 2002. To investigate the effect of metabolism on survival
we use BMR measurements from 132 birds (66 males and 66
females) obtained when they were between one and 1.5 years of
age (hereafter termed ‘one year old’). The sample size in the
dataset used to investigate the effect of age on BMR and individual
differences in BMR decline with age was considerably reduced due
to mortality. Here we only included individuals in which we have
BMR measurements obtained at one and five years of age (N = 25;
part of the data published in Moe et al. [20]) or one and six years
of age (N = 24). These birds underwent quite similar life-history
trajectories with only one or two short breeding periods. To avoid
that breeding activity influences the metabolic measurements all
BMR measurements were conducted at least five month after
breeding. The effects of time interval between BMR measure-
ments and number of breeding periods were not significant in any
model and all birds are therefore treated as a uniform group in this
paper.
Data analysis
Linear mixed-effects models with the identity of the bird
included as a random effect were used to analyse the effect of age
on BMR. Because BMR might vary seasonally, a control variable
for season of BMR measurement (spring, summer, autumn or
winter) was included in the model. The full model included age,
body mass, season, sex and the interaction between sex and age.
When calculating individual rates of metabolic ageing a linear
relationship between BMR, body mass and age was assumed.
Furthermore, individual difference between measure one and two
of BMR and body mass were adjusted to account for the
regression to the mean (RTM) effect [30]. Using equation 6 in
Kelly and Price [30], each value was adjusted by subtracting the
change in BMR and body mass that is expected from the RTM
effect. Because BMR is closely tied to body mass we calculated the
rate of metabolic ageing as residual values of BMR decline with
age (ml O2 h
21/year21) controlling for the effect of change in
body mass with age (g./year21). That is, a residual value above
zero would indicate a metabolic ageing steeper than expected
based on changes in body mass. To investigate to what degree the
rate of metabolic ageing was related to BMR we calculated the
coefficient of determination (R2) in a linear model with rate of
metabolic ageing as dependent factor and residual values of the
first BMR measurement (controlled for the effect of body mass and
sex; both P,0.001) as independent factor.
The birds included in the dataset used to investigate the effect of
age on BMR were measured between five and six years of age.
When we investigated the effect of BMR on survival we used a
larger dataset (N = 132) also including birds which died before they
reached five years of age. The association between survival
(lifespan in years) and BMR was tested in a Cox proportional
hazards regression model [31], using the ‘coxph’ function in the R
package survival [32], with sex and residual values of the BMR
measurement at one year of age (controlled for the effect of body
mass [P,0.001] and sex [P= 0.001]) and the interaction between
sex and residual BMR as predictors. A censor variable was
included to allow inclusion of six individuals which lost their
identification ring during the experimental period (time from
hatching to last time identified was entered in the model). The
proportional hazard assumption of the cox regression models were
tested using the ‘cox.zph’ function in the R package survival [32].
Normality of data was tested using the Shapiro-Wilk test.
Models were simplified by backward stepwise removal of least-
significant fixed effects, where significance was based on likelihood
ratio (LR) tests. Mixed models were conducted using the nlme
v3.1-96 package [33]. All statistical analyses were performed in R
2.15.0 for Windows [34].
Results
Basal metabolic rate controlled for the effect of body mass
showed a significant decline with age in the zebra finches
(Table 1). There was an effect of sex on BMR with females
having a higher BMR than males, but the age dependent decline
in BMR did not differ between the sexes, i.e. the interaction
between age and sex was not significant (Table 1). These results
confirm the results from a previous study on zebra finches [20],
and were expected because the present study uses part of the same
dataset (see Materials and Methods).
To assess individual differences in the rate of metabolic ageing
we first calculated the change each year in both whole body BMR
BMR, Metabolic Ageing and Survival
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(ml O2 h
21) and body mass (g), controlled for the RTM effect. The
decline in BMR with age did not differ between the sexes
(F1,46 = 0.364, P= 0.550). However, the variation in BMR decline
with age was highly influenced by changes in body mass
(F1,47 = 20.603, P,0.001), but the effect of body mass did not
differ between the sexes (F1,45 = 1.338, P= 0.186). Consequently,
the rate of metabolic decline with age was calculated as residual
values of yearly change in whole body BMR controlling for the
effect of yearly change in body mass. The variation in the age
dependent metabolic decline in the zebra finches was not
explained by the residual value of their first BMR measurement
(R2 = 0.010, F1,47 = 0.455, P= 0.504; Fig. 1). Thus, individuals
with a high basal metabolism at the age of one year did not show a
faster rate of metabolic ageing as predicted.
Mean lifespan differed between male (6.0260.37 years) and
female (4.9760.24) zebra finches (F1, 130 = 5.797, P= 0.017), with
females having a 75.3% higher annual risk of death (Fig. 2,
Table 2). In a model with both sexes we found no effect of residual
BMR on survival (Table 2). The effect of BMR on survival
differed somewhat between the sexes. There was no linear effect of
residual BMR on male survival (LR = 0.299, df = 1, P= 0.585),
whereas in the females survival tended to decrease with increasing
BMR (LR = 2.730, df = 1, P= 0.098) as expected from the free
radical theory of ageing (Fig. 3A and B). However, the relationship
between BMR and survival did not differ significantly between the
sexes, i.e. the interactions between sex and residual BMR was not
significant (Table 2). In the present study we predicted a linear
relationship between BMR and survival. However, to rule out a
potential disruptive or stabilizing selection on BMR we also ran
survival models including the quadratic effect of residual BMR.
There was no significant quadratic effect of residual BMR in
neither males (HR = 1.233, LR = 2.482, df = 1, P= 0.115) nor
females (HR = 1.072, LR = 0.697, df = 1, P= 0.404).
Discussion
We found BMR to decline with age in a captive population of
zebra finch. Metabolic ageing have been shown earlier in a study
using part of the same data used in the present study [20]. The rate
of metabolic ageing was not determined by BMR measured at
Table 1. Basal metabolic rate (ml O2 h
21) of zebra finches in relation to body mass (g.), sex, age (years) and season of
measurement.
Parameter Estimate 95% CI LR DF P
Body mass 1.204 0.916/1.494 49.844 1 ,0.001
Sex (female) 1.557 0.466/2.647 7.526 1 0.006
Age 20.770 20.984/20.558 38.932 1 ,0.001
Season NS - 6.143 3 0.105
Sex*age NS - 2.428 1 0.119
Results from a mixed model with bird identity included as a random effect.
N = 49, with 30 males and 19 females. Parameter estimates and 95% confidence interval (CI) only shown for parameters retained in the final model. Significance (P) is
based on likelihood ratio test (LR).
doi:10.1371/journal.pone.0108675.t001
Figure 1. Rate of metabolic ageing in zebra finches as a
function of residual values of BMR (mL O2 h
21). Metabolic ageing
represents residual values of decline in BMR per year controlled for the
effect of changes in body mass per year (for details; see Materials and
Methods). Residual values of BMR are based on measurements
conducted at one year of age. Dotted lines represent 95% confidence
intervals.
doi:10.1371/journal.pone.0108675.g001
Figure 2. Kaplan-Meier survival plot for male and female zebra
finches.
doi:10.1371/journal.pone.0108675.g002
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around one year of age. Furthermore, we found no significant
effect of BMR on survival, although female survival tended to
decrease with increasing BMR.
Metabolic ageing
The whole body BMR is essentially determined by the
metabolic intensity and mass of all tissues and organs of the body.
Hence, the age dependent decline in BMR observed in our zebra
finches could potentially be a result of changes in body
composition, e.g. decreased mass of highly metabolic internal
organs, a decline in metabolic intensity or a combination of those
factors. The mass of various internal organs have previously been
found to be a significant predictor for BMR in passerines [35], but
as we conducted a longitudinal study we could not sacrifice birds
to obtain information needed to determine if changes in body
composition contributed to the metabolic decline observed.
Decreased metabolic intensity with age would be expected if
antioxidant defence and repair systems are inadequate to
counteract oxidative damage which can impair mitochondrial
function [36,11]. According to the disposable soma theory [26] a
small short-lived bird with a fast life history strategy, such as the
zebra finch, is from an evolutionary point of view not expected to
invest much energy in mechanisms for somatic maintenance and
repair. Consequently, depending on a relationship between aerobe
metabolism and ROS production, oxidative damage would be
expected to accumulate with age in a rate determined by total
energy metabolism.
In the present study we found no association between rates of
metabolic ageing and BMR. We did not investigate other
parameters of ageing in our zebra finches. However, in a study
of another passerine species, the great tit, Bouwhuis et al. [22] did
not find any relationship between BMR and factors known to
influence the rate of reproductive ageing. It has been argued that
when investigating the association between metabolism and the
rate of ageing, BMR may not be the best measure of energy
metabolism [9]. This because BMR represents an animal’s
maintenance cost, e.g. only the minimum cost of living. Therefore,
if BMR is to be related to the amount of ROS produced through
aerobic metabolism, this metabolic trait has to be correlated to the
total energy production. After the introduction of doubly labelled
water techniques, daily energy expenditure (DEE) has become a
common metabolic measure which serves as a good indicator for
total energy production. Studies investigating the relationship
between BMR and DEE in birds are equivocal [37,38]. However,
a significant relationship between DEE and BMR has been found
in captive zebra finches [39] during the nonbreeding state.
Because the birds in the present study spent most of their life in the
nonbreeding state, our BMR measurements should be a good
indicator for total energy production and consequently ROS
production. Thus, the fact that we found no relationship between
intensity of BMR and metabolic decrease with age indicates that
different rates of accumulation of oxidative damage is probably
not a factor explaining the differences in metabolic ageing
observed between individual zebra finches in our study.
Figure 3. The effect of residual BMR on the hazard ratio for the
risk of death for male (A) and female (B) zebra finches.
Reference value is mean residual BMR (i.e. zero). Rug plots at the base of
the graph show the distribution of residual BMR values. Dotted lines
represent 95% confidence intervals.
doi:10.1371/journal.pone.0108675.g003
Table 2. Result from a Cox proportional hazard survival analysis showing the effect of sex and BMR on survival of captive zebra
finches.
Parameter HR 95% CI LR DF P
Sex (female) 1.753 1.210/2.542 8.749 1 0.003
Residual BMR NS - 0.650 1 0.420
Sex*residual BMR NS - 1.762 1 0.184
N= 132, with 66 males and 66 females. Hazard ratio (HR) and 95% confidence interval (CI) only shown for parameters retained in the final model. Significance (P) is based
on likelihood ratio test (LR).
doi:10.1371/journal.pone.0108675.t002
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BMR and survival
According to the free radical theory loss of functionality due to
accumulated oxidative damage will ultimately lead to death, and
metabolism should therefore be an important factor in determin-
ing lifespan. Consequently, we would expect survival to decrease
with increasing BMR. We found no relationship between BMR
and male survival. Female survival on the other hand tended to
decrease with increasing BMR, but the effect failed to reach
significance. However, although the effect of BMR on survival
appeared to be slightly stronger in the females the effect did not
differ significantly between the sexes. Thus, based on our data we
have to conclude that the effect of BMR on the rate of functional
deterioration, if any, was not strong enough to significantly
influence survival in the zebra finches. Hence, our results on the
relationship between metabolism and survival seem to be
inconsistent with the free radical theory. This finding is supported
by results obtained at the interspecific level in studies by
Montgomery et al. [40,41] who found almost no differences in
oxidative stress between long lived parrots and short lived quails.
A cold induced acute increase in metabolism was not found to
increase plasma oxidative stress levels in zebra finches [42]. Thus,
our use of metabolism as an index of oxidative stress in the zebra
finches may be questionable and a more detailed study with actual
measurements of oxidative stress is needed in order to make a firm
conclusion. We also need to emphasize that the present study was
conducted in captive zebra finches living quite sedentary lives with
only one or two short breeding periods and they did probably not
experience the oxidative challenges they would in the wild.
Increased breeding effort is associated with increased oxidative
stress [43] and decreased antioxidant defense [44] in the zebra
finch, and as our birds spent most of their lives not breeding this
could have decreased the rate of ageing and enhanced survival.
An important factor influencing survival was sex, with males
showing a higher survival rate than females. Males had lower
BMR than females, but as we found no evidence for a linear
relationship between BMR and survival the difference in survival
rate was probably not attributed to differences in BMR per se.
However, we can’t rule out sexual differences in regulation of
metabolism and/or antioxidant protection as a potential explana-
tion, as this has previously been observed in the zebra finch
[42,43]. Anyway, longer lifespans among males is often observed
in passerine birds [45] and our results hence support these
observations.
In conclusion, our study shows that zebra finches experienced
metabolic ageing, and that the rate of metabolic ageing was
independent of the intensity of BMR. Furthermore, apart from a
non-significant tendency in the females, we did not find survival to
decrease with increasing BMR. Based on these findings our study
does not support the free radical theory of ageing. However, given
the likely complex relationship between metabolism, ROS and
antioxidant protection, additional longitudinal studies with quan-
tification of oxidative stress parameters in addition to metabolic
measurements are needed to confirm our conclusion.
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